SUMMARY. In nine conscious, chronically instrumented dogs, ultrasonic dimension transducers measured left ventricular anterior-posterior and septal-free wall minor axis and major axis diameters. Matched micromanometers measured right and left ventricular transmural and transeptal pressures. Ventricular pressures and volumes were varied by inflation of implanted vena caval and pulmonary artery occluders, and the functional significance of the two types of ventricular interaction, i.e., direct and series, was determined. The left ventricle was represented by a modified ellipsoidal geometry. Left ventricular stroke volume calculated from the dimension data correlated well with that measured directly from ascending aortic electromagnetic flow probes during all interventions (r > 0.96). Partial pulmonary artery occlusion significantly increased right ventricular diastolic and systolic pressures as compared to values obtained during control and venal caval occlusion. During pulmonary artery occlusion, latitudinal septal eccentricity was increased throughout the cardiac cycle compared to control and vena caval occlusion (P < 0.05), indicating leftward interventricular septal shifting and significant alteration of left ventricular shape. The normalized diastolic pressure-volume curve was shifted to the left with pulmonary artery occlusion compared to control and indicated a decrease in left ventricular chamber compliance. However, when selected cardiac cycles with similar enddiastolic volumes from vena caval and pulmonary artery occlusions were compared, parameters of left ventricular systolic function (stroke volume, percent systolic shortening, peak aortic blood flow, peak left ventricular pressure, and its first derivative) remained relatively constant. These data suggest that mean myocardial fiber length is the major preload determinant of left ventricular systolic function independent of chamber pressure and shape, and that direct ventricular interaction mediated by interventricular septal shifting has minimal effects on systolic myocardial performance in this model. Thus, series ventricular interaction during acute imbalances in biventricular loading, where the output of the right ventricle determines the input of the left, seems to be far more important than direct interaction to the regulation of overall cardiac function. (Circ Res 52: 85 -104, 1983)
LEFT VENTRICULAR performance is determined, in part, by the specific geometry assumed by the chamber which, in turn, is affected by the functional relationship between the two ventricles (Rushmer et al., 1953; Burton 1957; Olsen et al., 1981b) . Anatomically, the mammalian cardiac ventricles share a common interventricular septum; however, the shape, architecture, and function of the two ventricles are markedly different (Mall 1911; Grant, 1965) . The ellipsoidal cavity of the left ventricle is surrounded by a thick musculature approximately two to three times the thickness of the right ventricle wall, whereas the right ventricular cavity is narrower and crescent-shaped. The diastolic and systolic pressures of the right ventricle are generally only one-third as great as the corresponding pressures of the left ventricle. Though the interventricular septum forms the medial wall of both ventricles, it seems to function predominantly as part of the left ventricle under normal physiological conditions (Robb and Robb, 1942; Rushmer et al., 1956) . Henderson and Prince (1914) probably were the first to demonstrate experimentally that the function of one ventricle was influenced by the filling pressure of the opposite ventricle. Bernheim (1910) first suggested abnormal rightward interventricular septal shifting in cases of left ventricular hypertrophy as a mechanism for failure of right ventricular function. In 1956, Dexter reported deterioration of left ventricular performance in patients with atrial septal defects who manifested right ventricular volume and pressure overload. He proposed that the interventricular septum was shifted leftward ("reversed Bernheim effect"), impairing left ventricular filling and function.
Employing a variety of preparations, investigators of the previous two decades have established that a direct mechanical interaction exists between the cardiac ventricles during diastole (Laks et al., 1967; Taylor et al., 1967; Bemis et al., 1974; Elzinga et al., 1974; Stool et al., 1974; Santamore et al., 1976; Janicki and Weber, 1980; Badke et al., 1982) and systole (Moulopoulos et al., 1965; Langille and Jones, 1977; Bemis et al., 1974; Elzinga et al., 1974; Santamore et al., 1976; Oboler et al., 1973; Stool et al., 1974; Elzinga et al., 1980; Janicki and Weber, 1980) . Increased distention of either ventricle during filling has been shown to decrease the distensibility of the opposite ventricle, as well as contribute to alterations in ventricular geometry.
The mechanisms of ventricular interaction in the 86 Circulation Research/Vo/. 52, No. 1, January 1983 intact cardiovascular system include a direct component of interventricular septal shifting that alters left ventricular geometry and possibly affects filling and function (Stool et al., 1974; Lauernceau and Dumesnil, 1976; Pearlman et al., 1976; Brinker et al., 1980; Elzinga et al., 1980) and an indirect component resulting from the arrangement of the right and left ventricles as cardiac pumps in series where the output of one ventricle determines the input of the other (Elzinga et al., 1974) . The physiology of direct ventricular interaction and its effect on left ventricular geometry and function have not been studied extensively in conscious animal preparations. Therefore, we undertook the present series of experiments to quantify the determinants of ventricular septal shifting in a conscious dog model and to investigate the effects of septal shifting on left ventricular function.
Methods

Experimental Preparation
Nine healthy adult mongrel dogs of both sexes (21-31 kg) underwent surgical preparation for subsequent studies in the conscious state. Each dog was anesthetized with intravenous thiamylal sodium (25 mg/kg) and ventilated with a volume respirator (Ohio 550). Under sterile conditions, a left thoracotomy was performed through the 5th intercostal space. In all dogs, pulse-transit ultrasonic dimension transducers (Van Trigt et al., 1981) were positioned across the left ventricular minor axis anterior-posterior and septal-free wall diameters such that the two measured dimensions were approximately at right angles to each other and in the same latitudinal plane (Fig. 1A) . The anterior, posterior, and lateral free wall transducers (5 mm o.d.
hemisphere) were attached to the epicardial surface under direct vision, and the septal transducer (1.5 mm o.d. cylinder, attached to two 38-gauge fine stainless steel wires) was placed through the tract of an 19-gauge needle which had been passed into the interventricular septum by entering the epicardium just to the right of the left anterior descending coronary artery at the same level as the anterior dimension transducer. The septal crystal was positioned near the right ventricular endocardial surface midway between the anterior and posterior dimension transducers. In all dogs, epicardial left ventricular base-apex major axis diameter was measured, as well. In four dogs, mid-wall segment length was measured in the lateral free wall of the left ventricle with 1.5 mm o.d. cylindrical crystals (hereafter termed lateral-free wall segment length), and in two dogs, right ventricular septal-to-free wall diameter was obtained by transmitting from the septal crystal to another transducer positioned on the free wall of the right ventricle.
During the procedure, silicone rubber pneumatic occluders were positioned around both venae cavae and loosely about the pulmonary artery of each dog. A silicone rubber tube (2.6 mm i.d., 4.9 mm o.d.) with multiple side holes was placed in the pleural space near the epicardial surface of the left ventricle for measurement of intrapleural pressure. Similar silicone tubes without side holes were implanted in the base of the left atrium and apex of the right ventricle and filled with heparinized saline. A bipolar pacing electrode was sutured to the right atrial appendage in each dog. In four dogs, ascending aortic blood flow was measured by an electromagnetic flow probe (HQ series, Howell Instruments) for purposes of validating left ventricular volume and flow data calculated from the ultrasonic dimension measurements. The pericardium was left widely open, and the transducer leads and silicone tubing were exteriorized through subcutaneous tunnels dorsal to the thoracotomy which then was repaired in multiple layers. All dogs received daily intramuscular injections of procaine penicillin 
Instrumentation and Data Acquisition
Following recovery from implantation (7-14 days postoperatively), each dog was sedated lightly (5 mg morphine sulfate intramuscularly) one hour prior to data acquisition and then studied in the conscious state, resting quietly on its right side. The dimension transducers were coupled directly to a sonomicrometer modified from the design of Franklin (Rushmer et al., 1956) . A micromanometer (PC-350, Millar Instruments) was passed into the mid-left ventricle through the implanted left atrial tube. A second identical manometer was passed through an air-tight connector on the pleural tube into the thoracic cavity to the surface of the mid-left ventricle. A third matched manometer was passed into the mid-right ventricle through the right ventricular tube. All manometers were prewarmed in a constant temperature water bath (38°C) and electrically excited by pressure amplifiers (model 8805-C, HewlettPackard) for 24 hours prior to each study. The manometers were simultaneously balanced and calibrated from 0 to 200 mm Hg using an equivalent height water column just prior to passage into the dog's heart and pleural space. Similar pressure calibrations were repeated at the conclusion of each study to determine the amount of drift. Data were not stored for analysis unless pressure calibrations changed by less than 0.5 mm Hg and dimension calibrations by less than 0.05 mm. Cardiac dimensions, left and right ventricular intracavitary and intrapleural pressures, and aortic blood flow were recorded on magnetic tape (model A, Vetter) for subsequent analysis. Data were recorded in each study during a steady state control period, during three transient vena caval occlusions held until stable minimum left ventricular dimensions were observed (20-30 seconds), during gradual graded occlusions of the pulmonary artery until the septal-free wall minor axis dimension of the left ventricle was decreased to a similar minimum value observed during the transient vena caval oclusions, and during release of the pulmonary artery occlusion. In three dogs, the protocol was repeated 15 minutes after attenuation of the autonomic nervous system by 2 mg/kg propranolol and 1 mg atropine administered intravenously. This dose minimized spontaneous changes in heart rate and inotropic state caused by variation in autonomic tone during vena caval and pulmonary artery occlusions.
At the conclusion of all studies, the animals were killed, the hearts were excised, and transducer position was noted. The right ventricular free wall, atria, aortic and mitral valves, and chordae tendineae were trimmed away, leaving only the left ventricular muscle mass, which included the interventricular septum. This muscle mass then was cut into approximatley 2 cm X 2 cm strips, and the left ventricular wall volume was calculated as the average of three volume displacements of water in a graduated cylinder.
Data Analysis
The recorded analog data were filtered once with a 50 Hz analog filter and digitized at 200 Hz using an interactive program run on a digital computer (LSI-11/23, DEC). These frequencies of filtering and data conversion were chosen to minimize the high frequency noise-to-signal ratio and to yield the maximum resolution in digital reconstruction of the pressure and dimension waveforms along with their first derivatives. As previously demonstrated, 97% of the total cumulative variance was contained in the first six harmonics, which included frequencies up to 12 Hz (Rankin et al., 1976; Arentzen et al., 1978) . The fundamental frequency for these data was approximately 2 Hz.
From each study, segments of data were selected and analyzed during steady state control conditions, during a vena caval occlusion, during several degrees of steady state pulmonary artery occlusion, and during release from pulmonary artery occlusion. Left ventricular transmural pressure was calculated as left ventricular intracavitary pressure minus simultaneous intrapleural pressure. Right ventricular transmural pressure was computed in an analogous fashion. The interventricular transeptal pressure was determined as left ventricular intracavitary pressure minus simultaneous right ventricular intracavitary pressure. Transmural pressure was used, since this represented the effective distending pressure acting across the ventricular wall during diastolic filling and systolic ejection. The first derivative of left ventricular transmural pressure (dP/dt) was calculated as a running five-point, polyorthogonal transformation from the digitized left ventricular pressure waveform. End-ejection was defined as peak negative dP/dt and correlated closely with the zero crossing point of the electromagnetic ascending aortic flow probe tracing which corresponded to aortic valve closure (Abel, 1981) . End-diastole was defined as the point just prior to the beginning of the upstroke of the left ventricular transmural pressure that occurred during systolic isovolumic contraction. Respiratory variations in the pressure and dimension data were minimized by automatically selecting expiratory data and excluding data from cardiac cycles that occurred during inspiration (Summer et al., 1979; Olsen et al., 1981c) . End-diastolic and peak systolic values of right ventricular transmural, transeptal, and left ventricular transmural pressures were determined for the control, vena caval occlusion, and pulmonary artery occlusion states. Comparisons of end-diastolic and ejection phase values for left and right ventricular pressures, dimensions, and flow were made between the two occlusion states from cardiac cycles with similar end-diastolic volumes.
Left ventricular dimension measurements were modeled by a modified ellipsoidal geometry. The anterior, posterior, and lateral wall (termed free wall) of the left ventricle were assumed to deform similarly according to the left ventricular transmural pressure, whereas the interventricular septum was assumed to deform according to the left ventricular transeptal pressure (Olsen et al., 1980) . Free wall and septal deformations were modeled where the mid free wall radius of curvature (RF) and the mid septal radius of curvature (Rs) of the left ventricle were determined in the latitudinal (0) and longitudinal (<j>) planes according to
and
In the above equations, b is the external anterior-posterior minor axis diameter, a is the external apex-base major axis diameter, and c is the septal-free wall minor axis diameter. Refer to Appendix C for derivation of these equations. Septal displacement (d), defined as the distance of the septal crystal from the point of intersection (0) Epicardial latitudinal circumference ( <&) was determined as the sum of the arc ASP (Fig. IB) of the septal ellipsoidal segment, which approximated the elliptical integral described previously (Olsen et al., 1981a) , plus the arc AFP of the free wall ellipsoidal segment according to Equation B.6 of Appendix B. Fractional systolic shortening of t$ was determined as the difference between end-diastolic and end-ejection values of <&. Comparisons of < & data were made between the two occlusion states at similar end-diastolic volumes. The relationship between septa] radius of curvature and septal displacement was determined by linear regression analysis during the diastatic phase of diastole and the ejection phase of systole over the range of left ventricular volumes produced by vena caval and pulmonary artery occlusions. The regression coefficients for each phase were compared by a two-tailed Student's f-test between the two occlusion states.
Diastatic data were selected automatically by another interactive computer program from the digitized pressure, dimension, and flow data according to |de/dt|< 0.05 sec
where e is the fractional diastolic deformation of the latitudinal circumference according to the Lagrangian strain definition described previously (Olsen et al., 1981a) .
Left ventricular volume was calculated as the sum of two concatenated ellipsoidal segments where the septal ellipsoidal segment volume (Vs) and the free wall ellipsoidal segment volume (VF) were determined according to Equation A.3 from Appendix A. The sum of Vs and VF minus the left ventricular wall volume (m) yielded results that were mathematically equivalent to the formula for a general ellipsoid from which left ventricular chamber volume (Vi) was calculated. Calculated aortic blood flow was derived from the inverted first derivative of left ventricular chamber volume (-dVi/dt), also computed from a five-point, running polyorthogonal transformation (Rankin et al., 1976) . In four studies, correlations were made between left ventricular stroke volume and aortic blood flow measured by an ascending aortic flow probe and similar data calculated from left ventricular dimension measurements during both occlusion states using linear regression analyses.
The dynamic epicardial eccentricity of the longitudinal free wall plane (e<Jb) was determined from e, = (a 2 -b 2 ) I/2 /a,
whereas the latitudinal plane eccentricity of the septum (eg) was calculated as e e = 2 (cb -
since the free wall elipsoidal segment in Figure IB is circular in the latitudinal plane, and has an eccentricity of zero by definition. Eccentricity is a convenient, dimensionless expression relating the diameters of the latitudinal or longitudinal circumference to the degree of deviation from a circle. An eccentricity of 0 corresponds to a circle, whereas an eccentricity of 1 corresponds to a straight line. The relationship between latitudinal and longitudinal plane eccentricity to phase of the cardiac cycle was determined for each ventricle during vena caval and pulmonary artery occlusions from cardiac cycles with similar end-diastolic volumes. Left ventricular radii of curvature derived for the septum (Rs) and left ventricular free wall (RF) by Equation 1, a-d, were used to calculate regional wall tensions according to the Laplace relationships (Laplace, 1839) and T s = TSP/(l/Rs« TF = TMP/(1/R F « + 1/RF*), (5a) (5b) where Ts and TF are the calculated regional wall tensions for the septum and left ventricular free wall mid points, respectively. TSP is the left ventricular transeptal pressure, TMP is the left ventricular transmural pressure, 6 indicates the latitudinal direction, and < # > represents the longitudinal direction. The relationship between Ts and TF was determined by linear regression analysis during diastasis and ejection for both vena caval and pulmonary artery occlusions. The regression coefficients for each phase, between the two occlusion states, were compared by a two-tailed Student's f-test. In addition, comparisons of parameters of systolic function (peak septal and free wall tensions, peak calculated aortic blood flow, peak positive and negative first derivatives of left ventricular pressure, and left ventricular stroke volume) were made between vena caval and pulmonary artery states from cardiac cycles with similar enddiastolic volumes and heart rates.
Diastatic left ventricular pressure-volume data from both occlusion states were fitted to the exponential relationship,
modified from Glantz and Kernoff (1975) . ev is the chamber volume normalized according to a modified Lagrangian strain definition (Olsen et al., 1981a) , and P is the corresponding left ventricular transmural pressure, a and /S are nonlinear coefficients describing the fitted exponential pressure-volume curve (Rankin et al., 1977) . The computed coefficients were compared statistically between vena caval and pulmonary artery occlusion states using a paired-sample Hotelling's T 2 test (Green, 1978) . Variability in the coefficient a was stabilized by logarithmic transformation so that comparisons were made in terms of ln« and /?. The statistical results, however, are the same whether lna or a is used.
To determine the dynamic geometric relationship between the lateral, anterior, and posterior walls of the left ventricle with varying degrees of ventricular interaction, and validate the model proposed by Figure IB , lateral-free wall segment length was measured in four studies, and diastolic and ejection phase relationships between the segment length and anterior-posterior minor axis diameter were determined. All relationships were fitted by linear regression analyses, and the regression coefficients were compared statistically.
Results
Typical analog recordings of physiological data obtained during the control state in a conscious dog are shown in Figure 2 . The dynamic geometric pattern of the major axis and the anterior-posterior minor axis were similar to those described previously (Rankin et al., 1976) . The septal-free wall minor axis diameter usually demonstrated a geometric pattern similar to that of the anterior-posterior minor axis. During rapid diastolic filling, the septal-free wall dimension generally reached diastasis slightly before the anteriorposterior dimension; however, all dimensions were similarly static during diastasis. The end-diastolic length of the septal-free wall diameter was 12.6 ± 3.1% (mean ± SEM) less than the end-diastolic length of the anterior-posterior diameter. The onset of ejection phase shortening was approximately uniform in all three diameters, although percent epicardial shortening was greater in the septal-free wall dimension than in the anterior-posterior dimension (8.5 ± FIGURE 2. Analog recording of the most common geometric pattern observed in the conscious dog in the control state.
I sec.
0.5% vs. 5.4 ± 0.4%, P < 0.05; Table 1 ).
Postmortem left ventricular wall volume averaged 91.1 ± 8.3 ml for the nine dogs. End-diastolic volume in the control state was 56.2 ± 5.6 ml, whereas the corresponding left ventricular transmural end-diastolic pressure was 12.9 ± 1.1 mm Hg. Concurrently, the right ventricular transmural end-diastolic pressure averaged 5.8 ± 0.5 mm Hg, which was 45.2 ± 3.2% of the corresponding left ventricular transmural pressure. Right ventricular transmural peak systolic pressure was 28.3 ± 2.5% of the corresponding peak systolic left ventricular transmural pressure (Table 1) . In every experiment reported, the dimension transducers were positioned at approximately 90° points around the latitudinal circumference with the two minor axis diameters crossing at approximately right angles. In separate validation studies, the true threedimensional position of each transducer was calculated from multiple chords consisting of all possible combinations of linear measurements between the five epicardial and one septal crystals and was compared with the assumed position of these crystals based on the modified ellipsoidal geometry (Fig. IB) . The difference in volume calculations between these two methods was minimal and accounted for less than a 3% difference in chamber volume.
The accuracy with which the current model represents dynamic left ventricular geometry is indicated by the close correlation between measured and calculated stroke volume and peak aortic blood flow for the various states. The phasic characteristics of the measured and calculated flow curves were virtually identical for vena caval occlusions, as well as pulmonary artery occlusions (Fig. 3A) . The stroke volume measured with the ascending aortic flow probe correlated closely with the stroke volume calculated from the left ventricular dimensions over a wide range of values for both occlusion states (r > 0.959; Fig. 3B ). Likewise, measured and calculated peak aortic blood flow rates were similar for both states (r > 0.987; Fig.  3C ).
In the four studies in which lateral-free wall segment length was measured, the diastolic correlation between this dimension and anterior-posterior minor axis diameter was linear during vena caval occlusion (r > 0.968) as well as for partial pulmonary artery occlusion ( r > 0.942). There was no significant difference between the regression coefficients for both occlusion states during the diastatic phase of diastole (Fig. 4A) or during the ejection phase of systole ( Fig.  4C , P > 0.1). During partial pulmonary artery occlusion (open circles), the relationship between lateralfree wall segment length (which was a proportional reflection of the arc circumference AFP in Figure IB ) and anterior-posterior minor axis diameter was shifted upward and to the right along the same regression line observed during vena caval occlusion (closed circles). This suggested a fairly constant relationship between the anterior-posterior and lateral-free wall deformation of the left ventricle and that arc circumference AFP remained proportionately the same as the anterior-posterior minor axis diameter AP during both occlusion states.
The diastolic relationship between the two minor axis diameters was linear over the physiological range of ventricualr volumes during vena caval occlusion (Fig. 4 , B and D, closed squares). However, with partial pulmonary artery occlusion (open squares), this relationship was shifted markedly downward and to the right off the regression line for vena caval occlusion. Since the relationship between the anterior-posterior and lateral-free walls of the left ventricle remained constant, the majority of change in the septal-free wall minor axis diameter during pulmonary artery occlusion was interpreted to occur because of leftward displacement of the interventricular septum into the left ventricle as assumed by the model in Figure IB . Thus, at similar end-diastolic volumes, anterior-posterior minor axis diameter and lateralfree wall segment length with pulmonary artery occlusion were increased slightly while septal-free wall minor axis diameter was decreased markedly when compared to vena caval occlusion (Table 2 ). These dimensional changes suggested a basic alteration in the position of the interventricular septum compared to the anterior, posterior, and lateral-free wall of the left ventricle.
Presented in Figure 5 are characteristic ventricular pressure, aortic blood flow, and dimension data during a vena caval occlusion (panel A) and during a partial pulmonary artery occlusion (panel B filling pressure immediately approached 0 mm Hg, and the left ventricular septal-free wall dimension increased slightly (rightward interventricular septal shifting). Two to three cardiac cycles later, as left ventricular filling pressure began to decline, all left ventricular transmural dimensions decreased progressively to their individual stable minimums at maximum vena caval occlusion. At maximum vena caval occlusion, both right and left ventricular pressures were approximately 0 mm Hg at end-diastole. Deformation of the latitudinal circumference of the left ventricle over the range of volumes produced by a vena caval occlusion was characteristically concentric. With release of the vena caval occlusion, the filling pressures in the right ventricle immediately increased, and the left ventricular septal-free wall dimension decreased even further (leftward interventricular septal shifting). Again, two to three cardiac cycles later, as left ventricular filling pressures began to increase, all left ventricular dimensions increased in a uniform, set fashion. During a partial pulmonary artery occlusion (Fig.  5B ), right ventricular diastolic and peak systolic pressures increased, and the left ventricular septal-free wall dimension decreased dramatically (leftward septal shifting); however, the other left ventricular dimensions were changed minimally. This observation was consistent and reproducible from dog to dog and suggested an alteration in the basic geometry of the left ventricle.
The digital data in Figure 6 illustrate the phasic dimension, volume, and hemodynamic changes observed in each of four states in one dog; (1) control, (2) maximum vena caval occlusion, (3) partial vena caval occlusion, and (4) partial pulmonary artery occlusion. The end-diastolic volumes were similar in the two partial occlusion states. During vena caval occlusion, right ventricular pressure was low and the ratio of left ventricular transeptal to transmural pressure was elevated above that observed during control conditions. Conversely, left ventricular transeptal pressure was decreased with pulmonary artery occlusion and septal-free wall minor axis diameter also was decreased as compared to control measurements.
The phasic geometry of the left ventricle is represented by the dynamic digital data in Figure 7 depicting interventricular septal displacement (d), latitudinal septal (e«) and longitudinal (e 0 ) plane eccentricities, and aortic blood flow for each of the four states in Figure 6 . During diastolic filling, left ventricular geometry became more spherical in both the latitudinal and longitudinal planes, whereas, with ejection, the left ventricle became more elliptical in both planes. This basic relationship was consistent during both occlusion states. However, pulmonary artery occlusion resulted in a significant further elliptical change in the plane of the latitudinal septal circumference for all phases of the cardiac cycle (p < 0.01, Fig. 8, panel B) . This same intervention produced only a slight elliptical change of the longitudinal free wall circumference that was significant compared to vena caval occlusion only for beginning diastole (P < 0.05, Fig. 8, panel A) . These findings indicate that the majority of left ventricular shape change with pulmonary artery occlusion occurred in the latitudinal circumference. This resulted because there were minimal changes in the apex-base major axis diameter of the left ventricle between vena caval and pulmonary artery occlusions (Table 2) . For further quantification of changes in left ventricular function resulting from alterations in chamber shape, comparisons were made between hemodynamic, volume, and dimension data for the two partial occlusion states at similar end-diastolic volumes (Table 2) . Average end-diastolic volumes were 43.6 ± 5.4 ml and 43.9 ± 5.4 ml for the two partial occlusion states, and individual volumes varied by an average of only 1.7 ± 0.4 ml between the two states. Heart rate was controlled by atrial pacing at 10 beats/ min above the highest observed rate for either intervention in each dog. The resulting average difference in heart rate between the two occlusion states was less than 8% (p > 0.2). Although this finding implies similar levels of autonomic tone, data also were obtained during pharmacological attenuation of the autonomic nervous system in three dogs. The results were not different from the unblocked data, suggesting that differences in biventricular function between the two occlusion states were not significantly influenced by reflex alterations in autonomic activity.
With partial vena caval occlusion, right ventricular transmural pressure averaged 26.1 ± 4.1% of the concurrent left ventricular transmural pressure for end-diastole and 19.9 ± 3.0% for peak systole. As a result, left ventricular transeptal pressure was increased relative to left ventricular transmural pressure when compared to control. During partial pulmonary artery occlusion, right ventricular transmural pressure was 100.0 ± 12.5% of left ventricular pressure for end-diastole and 43.1 ± 6.8% for peak systole ( 10 0 ular transmural pressure was not significantly changed (F > 0.1). Right ventricular transverse diameter was 34.5 and 41.2 mm at control in the two studies in which this dimension was measured. With partial pulmonary artery occlusion, this dimension increased by 27.1 and 33.6%, respectively. During partial pulmonary artery occlusion, the septal-free wall minor axis diameter was reduced by 4.7 ± 0.5% while the anterior-posterior minor axis enddiastolic diameter was increased by 2.4 ± 0.8% compared to partial vena caval occlusion. Both of these changes were significant (p < 0.05). Compared with the control data, percent systolic shortening was greater in the septal-free wall minor axis diameter for both occlusion states. End-diastolic interventricular septal displacement (d), calculated from the ellipsoidal model of Figure IB , was decreased by 15.8 ± 1.7% during partial pulmonary artery occlusion compared to vena caval occlusion (P < 0.05; Table 2 ). From the average end-diastolic dimension data of the cardiac cycles in Table 2 , a representative diagram of the latitudinal plane was derived and is illustrated in Figure 9 . The interventricular septum was shifted leftward during pulmonary artery occlusion and resulted in an increased septal radii of curvature (Rs) in both the latitudinal (0) and longitudinal (<£) planes compared to vena caval occlusion (P < 0.05). The corresponding free wall radii of curvature were not significantly changed during partial pulmonary artery occlusion (Table 3) .
The effects of changes in left ventricular geometry induced by pulmonary artery occlusion upon parameters of left ventricular function are summarized in Table 3 . Data are from the same cardiac cycles as for Table 2 . Calculated stroke volume varied by only 3.0 ± 2.4 ml between the two occlusion states (P > 0.2). There were no significant differences in calculated peak aortic blood flow rates, peak positive dP/dt, or peak systolic left ventricular free wall and septal tensions (TF) (P > 0.1). Left ventricular latitudinal circumference ( &) was similar in both states (P > 0.3); however, percent stroke shortening of the latitudinal circumference (A <&) was slightly augmented with partial pulmonary artery occlusion compared to partial venal caval occlusion (7.0 ± 1.2% vs. 5.2 ± 0.7%, Table 3 , P < 0.05). Peak systolic left ventricular septal tension (PST S ) was slightly reduced (224.1 ± 26.3 mm Hg cm during partial pulmonary artery occlusion vs. 257.8 ± 24.4 mm Hg cm during partial vena caval occlusion, Table 3), whereas peak systolic left ventricular free wall tension (PSTF) increased minimally (225.6 ± 32.2 mm Hg cm during partial pulmonary artery occlusion vs. 217.4 Hg cm ± 30.5 mm Hg cm during partial vena caval occlusion, Table  3 ). Percent stroke shortening of the left ventricular septum (Ad) however, was significantly augmented during partial pulmonary artery occlusion (Table 2 , P < 0.05). With exception of the septal radii of curvature and percent stroke shortening of the interventricular septum, direct ventricular interaction appeared to have minimal effect on left ventricular systolic function as long as end-diastolic volume (which corresponds best with average myocardial fiber length as an index of preload) was kept constant. The relationship between geometry and function of the left ventricle is further illustrated in Figure 10 . With vena caval occlusion, septal displacement (d) was inversely related in a linear fashion to the latitudinal septal radius of curvature (Rs») over the entire physiological range of ventricular volumes during diastole and systole (VCO, panels A and C, respectively; Fig. 10 ). With pulmonary artery occlusion, right ventricular diastolic and systolic pressures were elevated and the interventricular septum was shifted leftward resulting in a decreased septal displacement and increased septal radius of curvature for any given left ventricular volume. The relationship remained an inverse linear one for both diastole and systole (PAO, panels A and C respectively; Fig. 10 ), although the regression lines were significantly different from those for vena caval occlusion (P < 0.05). Similar relationships were observed qualitatively for the longitudinal septal radius of curvature (R&J,)-During vena caval occlusion, a linear relationship existed between left ventricular end-diastolic and peak systolic septal (Ts) and free wall (TF) tensions (VCO, panels B and D, respectively, Fig. 10 ). With pulmonary artery occlusion which altered the geometric shape of the ventricle, the corresponding relationship between septal and free wall tensions changed (PAO, panels B and D, respectively, Fig. 10 ; P < 0.05), primarily because of a reduction in the septal tension during diastole and systole.
The average diastatic pressure-volume curve for the left ventricle was shifted upward and to the left during partial pulmonary artery occlusion, compared to vena caval occlusion (Fig. 11A) . The nonlinear coefficients a and (i for both occlusion states are summarized in Table 4 , and comparison of these coefficients revealed a significant difference by Hotelling's T 2 test (p < 0.05). This observation suggests a diminished left ventricular chamber compliance associated with leftward shifting of the interventricular septum. These data are illustrated further in Figure 11B by the 95% confidence ellipse of the difference between the computed coefficients (Alna, A/?) for individual observations during both occlusion states. Non-inclusion of the origin by the ellipse P ED BE EE Phases of the Cardiac Cycle 
phases of the cardiac cycle between partial vena caval occlusion (VCO, closed circles) and partial pulmonary artery occlusion (PAO, open circles). Cardiac cycles with similar end-diastolic volumes were selected from each occlusion state. BD = beginning diastole; ED = end-diastole; BE = beginning ejection; EE = endejection. Data are the mean ± SEM for nine dogs (P < 0.05 for BD; P > 0.2 for ED, BE, and EE). Panel B: comparison of latitudinal plane eccentricity of the septum for phases of the same cardiac cycles as in panel A above (P < 0.01 for all phases).
indicates a significant difference in the parameters lna and /? for the two occlusion states. Thus, diastolic compliance of the left ventricle is altered by the shape change of direct ventricular interaction so that diastolic pressure no longer accurately reflects diastolic myocardial fiber length as an index of preload.
Discussion
The pulse-transit ultrasonic technique developed by Rushmer et al. (1956) Table 2 . R s »i = 5.52 cm ± 0.83 cm and Rs92 = 4.79 cm ± 0.71 cm (P < 0.01). A, F, P, and 5 are the same as in Figure IB .
cise method for measuring myocardial dimensions. It is ideally suited for studying dynamic ventricular geometry because of its high degree of resolution and capability for on-line dimension analysis. The linear output of the sonomicrometer and the sampling frequency of 3 kHz provide high-fidelity, reliable dimension measurements. In this application, pulsetransit sonomicrometry offers significant advantages over other methods which have been employed to assess dynamic ventricular geometry during ventricular interaction (Stool et al., 1974; Tanaka et al., 1980) . In the present study, the anterior, posterior, and lateral-free wall dimension transducers were placed under direct vision at approximately 90° intervals about the latitudinal circumference such that their relationships from dog to dog were very uniform. However, the placement of the septal transducer was done less precisely, without direct observation of the transducer as it was passed into the septum. The orientation of the septal-free wall dimension with respect to the anterior-posterior dimension only approximated a right angle. As a result, the observed variability in the septal-free wall dimension was greater from dog to dog than the anterior-posterior dimension. However, in each postmortem examination of the left ventricle, the septal transducer rou- V max = peak calculated aortic blood flow (peak -dV/dt); +P m ax = peak positive dP/dt; -P m a x = peak negative dP/dt; PSTs = peak developed left ventricular septal tension; PST F = peak developed left ventricular free wall tension. Other abbreviations are the same as in Tables 1 and 2. * P < 0.05 for VCO vs. PAO. t P < 0.01 for VCO vs. PAO.
tinely was positioned in the septal myocardium near the right endocardial surface, and the septal-free wall dimension was approximately at right angles to the anterior-posterior dimension. Thus, the relationships between the two minor diameters presented in this study represent a reasonably quantitative analysis of left ventricular latitudinal geometry. Perfect placement of the transducers was not critical, and the modified ellipsoidal model seemed to be quite adequate. The definition of end-ejection at peak negative dP/ dt of the left ventricular transmural pressure waveform correlated well with aortic valve closure represented by the zero crossing point following the downward deflection of the ejection stroke flow waveform measured by an ascending aortic flow probe in those studies in which electromagnetic aortic blood flow was measured. This relationship has been described previously (Abel, 1981) and was demonstrated to be a reliable index of end-ejection under various left ventricular loading conditions in our laboratory (unpublished data). Peak negative left ventricular transmural dP/dt then was used to define end-ejection in those studies in which electromagnetic ascending aortic blood flow was not directly measured. This definition of end-ejection did not always correspond to the nadir of the calculated left ventricular volume tracing due to isovolumic geometric rearrangements in the directly measured dimensions that accounted for the appearance of the decreasing calculated chamber volume during the isovolumic relaxation phase in Figure 6 . These geometric rearrangements during isovolumic relaxation were variable from dog to dog and generally were more marked during partial pulmonary artery occlusion. The geometric rearrangements during the isovolumic phases of contraction and relaxation have been described previously for a prolated spheroidal model of the left ventricle (Olsen et al., 1981a) , and may represent an inconsistency of the current modified ellipsoidal model to predict chamber volume during these phases of the cardiac cycle. However, the present model accurately and consistently predicted dynamic aortic flow, left ventricular stroke volume, and peak aortic flow (Fig. 3) , as well as chamber volume during the other phases of the cardiac cycle. These isovolumic phase changes did not affect the results, since all data for analysis were selected from the diastatic phase of diastole or the ejection phase of systole. Additionally, in a series of four postmortem excised heart experiments, biventri- In two studies in which right ventricular transverse diameter was measured, this dimension increased markedly with elevations of right ventricular pressure during pulmonary artery occlusion. This would correspond to an increase in right ventricular volume during pulmonary artery occlusion as reported by previous investigators (Stool et al., 1974; Santamore et al., 1979) .
Calculations of the septal and free wall tensions based upon the present model are only approximate at best, but should reflect the qualitative changes in left ventricular regional loading that occur with selective elevation of right ventricular pressures and enhanced interactive coupling between the two ventricles. Contrary to previous reports (Brinker et al., 1980) , the reduction in septal tension observed in the present study during leftward septal shifting resulted in improved septal function, as indicated by the augmented ejection phase septal shortening (Ad) in Table  2 . During septal shifting, septal systolic tension was diminished predominantly by the reduction in left ventricular transeptal pressure which outweighed the increase in septal radii of curvature (Rs# and Rs<j >). In the current studies, the maximal points of deformation in the latitudinal as well as longitudinal directions during ventricular interaction appeared to be occurring at the mid septum and mid free wall (points 5 and F, respectively, Fig. IB) . The radii of curvature of an ellipsoid varies according to location on the surface of the ellipse and is maximal at the mid point of the semi-minor axis (points S and F, Fig. 1 ) and minimal at the mid point of the semi-major axis (points Ap and Ba, Fig. 1 ). The mean radius of curvature over the entire elliptical surface of either the septal or free wall segment (Equation C.7, Appendix C) averaged only 45% of the respective mid septal and free wall radii of curvature and, in a comparison of partial pulmonary artery and vena caval occlusions, showed no significant variation. The radii of curvature at the mid points of the semi-major axis (A and P for the latitudinal plane and Ap and Ba for the longitudinal plane, Fig.  1A ) actually decreased during partial pulmonary artery occlusion compared to partial vena caval occlusion. This is not surprising, since the shape changes at points A, P, Ap, and Ba are influenced by the deformational forces of both elliptical segments and do not truly represent either septal or free wall changes selectively. For these reasons, the radii of curvature at the mid septum (point S) and mid free wall (point F) were chosen to calculate wall tension and represent the selective deformational changes of the left ventricle. The radii of curvature for the mean mid septal segmental area of the elliptical surface as well as for the free wall (Equation C.9, Appendix C) averaged 76% of the corresponding mid septal and free wall radii of curvature, and demonstrated similar significant changes when comparing partial pulmonary artery and vena caval occlusions. Calculation of septal and free wall stresses, which would allow a more quantitative assessment of regional afterload, would require the mesurement of septal and free wall thicknesses. Assuming a constant myocardial mass, however, the interventricular septum would probably become thicker during leftward septal shifting, which would further reduce septal stress. Thus, septal tension calculated with the present model would actually underestimate the decline in systolic loading during leftward septal shifting. The importance of the pericardium in modulating ventricular interaction still remains unknown (Ross, 1979) . The intact and surgically reapproximated pericardium has been shown to exert a restraint on cardiac dilation and augment interactive coupling between the two ventricles in isolated perfused feline and canine heart preparations (Elzinga et al., 1974; Janicki and Weber, 1980) , and in an open-chest canine model following ventriculotomy and bypass of the right ventricle (Glantz et al., 1978) . Still others have demonstrated a less significant restraining effect of the pericardium on left ventricular filling using an excised, cross-perfused canine heart model (Spadaro et al., 1981) , an open-chest canine preparation in which the pericardium was minimally disturbed (Stokland et al., 1980) , and in a chronically instrumented conscious dog model (Tyson et al., 1981) . There remains little question that the intact pericardium probably does modulate ventricular interaction, most likely through a direct coupling effect of the interventricular septum; however, the absolute magnitude of this effect and the level of diastolic pressure and volume at which it begins remain in question, as can be ascertained by review of the above and other cited references on this subject. In the present studies, the pericardium was left widely open to avoid the potentially unphysiological restrictive effects that may result from cardiac constriction with reapproximation and scarring of the surgically manipulated pericardium (Spadaro et al., 1981) . At postmortem examination, the pericardium remained widely open and nonadherent to the epicardium of the right and left ventricles. Whereas it was not the intent of the current studies to determine the role of the percardium in ventricular interaction, the extent to which the pericardium absolutely affects this interaction in the normal heart may limit the general application of our results. The role of the pericardium in abnormal, chronically dilated hearts is even less well understood, although studies in a chronically volume overloaded canine model suggested that the pericardium dilated to accommodate the chronic cardiac dilation and markedly diminished the restrictive effects of the pericardium on ventricular filling (LeWinter and Pavelec, 1982) . A more precise quantification of the role of the pericardium in ventricular interaction in the normal conscious dog model awaits development of techniques that do not abnormally alter its physiology-
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The increase in right ventricular volume resulting from augmented venous return during inspiration has been proposed to decrease left ventricular filling through ventricular interaction (Santamore et al., 1976) . Alterations in left ventricular geometry with a fall in stroke volume during inspiration have been reported in this and other dog models (Summer et al., 1979; Olsen et al., 1981c) . In more recent studies from this laboratory, the inspiratory fall in left ventricular stroke volume did not appear to result directly from the alterations in diastolic geometry but, rather, from changes in the effective left ventricular ejection pressure (Olsen et al., 1981c (Olsen et al., , 1982 . To eliminate inspiratory effects on left ventricular stroke volume and geometry, data in the present study were selected for analysis only from end-expiratory cardiac cycles.
In the conscious dog, right ventricular transmural end-diastolic pressures were typically low in the control state, averaging 5.8 ± 0.5 mm Hg. The corresponding left ventricular end-diastolic pressures averaged 12.9 ± 1.1 mm Hg. During vena caval occlusion, right ventricular filling pressure routinely approached zero within one to two cardiac cycles, whereas the left ventricular filling pressure declined more gradually over the next several beats. As a consequence, the influences of the right ventricle on left ventricular filling and geometry were minimized during the subsequent course of the vena caval occlusion. Thus, in the present studies, vena caval occlusion served to minimize the influences of the right ventricle and allowed a more adequate assessment of pure left ventricular function and geometry. Under the conditions of vena caval occlusion, the geometry of the left ventricle can be modeled validly by a prolate spheroid of revolution as reported previously (Rankin et al., 1976; Olsen et al., 1981b) . This concept was reinforced in the current studies, where changes in the latitudinal circumference were fairly concentric during filling and shortening, as evidenced by the proportional deformation of the two minor diameters. Under normal conditions, the transeptal pressure gradient and the position of the interventricular septum seemed to be determined primarily by left ventricular filling pressure.
Graded occlusion of the pulmonary artery selectively increased right ventricular diastolic pressure compared to the left and resulted in a diminished diastolic transeptal pressure. Interventricular septal position seemed to be determined by the transeptal pressure gradient (Laurenceau and Dumesnil, 1976) , and during pulmonary artery occlusion, the septum shifted leftward during diastole as compared to the control or vena caval occlusion states. Thus, diastolic and ejection phase deformation of the two minor diameters was less uniform, and more dimensional rearrangements occurred in the septal-free wall minor diameter during the isovolumic phases of the cardiac cycle (Fig. 6) . Therefore, under conditions of a pulmonary artery occlusion, the left ventricle could be modeled more adequately by a modified ellipsoidal geometry (Fig. 1) .
Deviation of left ventricular geometry from a prolate spheroid to a modified ellipsoid seemed to be determined by the transeptal pressure gradient and could be quantified by the change in latitudinal plane eccentricity of the septum (Fig. 8B) . During pulmonary artery occlusion, the latitudinal septal circumference became more elliptical as the interventricular septum shifted leftward. The consequence of this geometric rearrangement was to shift the left ventricular diastolic pressure-volume curve leftward and upward, indicating a decrease in chamber compliance (Fig. 11A) . Normalization of the pressure-volume relationship in this study facilitated quantitative analysis of one intervention to another, as well as comparison of one ventricle to another. The reduced chamber compliance resulted in decreased left ventricular diastolic volume for any diastolic left ventricular transmural pressure similar to the findings of previous studies (Taylor et al., 1967; Laks et al., 1967; Janicki and Weber, 1980; Spadaro et al., 1981) . Thus, one important aspect of direct ventricular interaction, as defined in this manner, is alteration of the chamber compliance of the left ventricle 0anicki and Weber, 1980; Spadaro et al., 1981) .
If end-diastolic pressure was used as the index of myocardial preload, the diminished chamber compliance associated with septal shifting during pulmonary artery occlusion appeared to interfere with left ventricular systolic performance, and the parameters of systolic function (stroke volume, peak aortic blood flow, peak positive dP/dt, percent latitudinal circumferential shortening, and peak septal and free wall tensions) all were decreased, compared to vena caval occlusion at equivalent end-diastolic pressures. When changes in left ventricular chamber compliance occur, however, end-diastolic pressure is no longer a reliable index of myocardial preload (Misbach and Glantz, 1979) . Starling suggested that the performance of the heart during any given systole was a function of the length of the muscle fibers achieved during the preceding diastole . End-diastolic volume is a more reliable index of myocardial preload, since the relationship between chamber volume and mean myocardial fiber length is unaffected by changes in left ventricular shape or chamber compliance. When end-diastolic volume was used as the index of preload in the current studies, the parameters of left ventricular systolic function measured during pulmonary artery and vena caval occlusions were similar. This was true over a wide range of chamber volumes as long as the comparison was carried out at equivalent levels of enddiastolic volume between the two states. Therefore, end-diastolic volume or mean myocardial fiber length is a more valid measure of preload and is independent of diastolic pressure and ventricular shape. Similar results have been reported in the open-chest dog in models of chronic right ventricular pressure and volume overload (Kelly et al., 1971) .
In summary, pulmonary artery and vena caval occlusion states were compared at equivalent levels of left ventricular end-diastolic volume in the conscious dog. Direct ventricular interaction mediated by interventricular septal shifting occurred with pulmonary artery occlusion, producing alterations in left ventricular geometry and chamber compliance. When series interaction (decreased left ventricular preload as a result of decreased right ventricular output) was separated from direct interaction by comparing similar end-diastolic volumes, direct ventricular interaction appeared to have minimal effects on systolic myocardial function. Therefore, of the two types of ventricular interaction, the effects caused by the arrangement of the two ventricles in series appeared to be more important in determining left ventricular systolic function.
Appendix A
Volume Calculation
The modified ellipsoidal geometry used in the current studies to model left ventricular shape (Fig. A.I ) represents the concatenation of two ellipsoidal segments, an ellipsoidal septal segment (equatorial segment ASP A), and a hemi-ellipsoidal free wall segment (equatorial segment AFPA).
The septal ellipsoidal segment volume (Vs) was determined as: the mathematical formula for a general ellipsoid with minor axis radii b/2, c/2, and major axis radius a/2. Left ventricular chamber volume (Vi) was then derived by subtracting post-mortem left ventricular wall volume (m) from VT.
